Magnetic shape memory alloys (MSMAs) can exhibit the shape memory effect when there is a magnetic field in the vicinity of a material point. The microstructure of the MSMAs is comprised of tetragonal martensite variants, each with their preferred internal magnetization orientation. Starting from a random variant orientation, the application of a large enough magnetic field will cause the variants to reorient so that the internal magnetization vectors align with the external field. Then, keeping the magnetic field constant and adding a variable compressive stress in a direction normal to that of the magnetic field, some or all of the martensitic variants may rotate into a stress preferred state. As the variants reorient, the internal magnetization vectors rotate, and the material's magnetization changes. For power harvesting and sensing applications, the change in magnetization induces a current in a pickup coil placed around the MSMA specimen, resulting in an output voltage at its terminals according to Faraday's law of inductance. This paper focuses on the evaluation of the voltage output, both experimentally and numerically, in an attempt to assess the ability of a MSMA thermodynamic based constitutive model, used in conjunction with Faraday's law of induction, to predict the variant reorientation induced voltage output. Assessing the accuracy of the predicted voltage is beneficial for the design of both MSMA based power harvesting devices and MSMA based displacement sensors.
Introduction
NiMnGa is a magnetic shape memory alloy (MSMA) that exhibits magnetic field induced or stress induced martensite reorientation at room temperature. The macroscopic effect of the martensite reorientation is strain that can be as large as 10%, depending on the magnitude of the applied magnetic field as well as the structure and chemical composition of the alloy [10] . For the case of modeling NiMnGa behavior, the martensite phase is assumed to consist of tetragonal variants, each variant having a preferred direction of magnetization as shown in figure 1 . This preferred direction of magnetization is called the magnetic easy axis and is the short axis of the tetragonal unit cell. When a magnetic field is applied, the magnetization vectors tend to align with the field to minimize magnetic energy. This alignment creates regions Figure 1 . MSMA tetragonal martensite variants and the possible orientations of their internal magnetization (adopted from [3] ).
of homogeneous magnetic domains separated by magnetic domain walls which are discussed in subsequent sections.
The magnetic field induced reorientation strain has been exploited in actuation applications [1] , while the strain induced by a compressive stress (when the MSMA is exposed to a bias magnetic field) can be used for sensing and power harvesting applications [5] . In the latter applications, the compressive stress causes variant reorientation and, thus, magnetization rotation. The bias magnetic field causes some or all of the variants in the MSMA to return to their initial configuration upon removal of the compressive load so that the process may be repeated. Thus, the change in magnetization of a MSMA specimen is highly dependent on the amount of reorientation of the variants. The change in magnetization that occurs when variants reorient leads to a change in magnetic flux density around the specimen, which in turn can produce a voltage output (according to Faraday's law of induction) that can be harvested by placing a pickup coil around the specimen.
In 2007, Karaman et al reported experimental results on the peak voltage induced during martensitic reorientation in a 4 mm × 4 mm × 16 mm specimen of Ni5 1.1 Mn 24 Ga 24.9 exposed to bias fields ranging between 0.6 and 1.6 T and loaded cyclically in compression with a 1.25% strain at frequencies of 1 and 5 Hz [5] . In the same paper, the authors proposed a simple algorithm for predicting the induced voltage during martensitic reorientation as a function of strain amplitude, frequency of excitation, and pickup coil wire diameter. However, while the proposed algorithm for voltage calculation led to predicted output voltage values comparable to those measured experimentally, it did not rely on the change in magnetic flux density caused by the martensite reorientation process but rather on an empirical law selected based on the specimen excitation. Such an empirical algorithm may not be applicable for other frequencies, values of bias magnetic field, chemical compositions of the MSMA specimen, etc.
Therefore, the aim of this paper is to predict the voltage induced in a pickup coil by considering the martensite reorientation occurring in a MSMA element, loaded cyclically in compression with a bias magnetic field, using two versions of a thermodynamic based constitutive model. The constitutive models are implemented numerically assuming an input axial strain (in order to mirror the experimental setup, which was strain controlled) to calculate magnetization evolution. When magnetization evolution is inputted into Faraday's law of induction, voltage output can be predicted. The theoretical voltage predictions are then compared with experimental data. This approach is taken in order to minimize the need for experimentation when one attempts to design a MSMA based sensor or power harvester, and instead to rely on a design methodology that is based on a material constitutive model.
To predict the change in magnetization caused by martensitic variant reorientation, the authors used the constitutive model developed by Kiefer and Lagoudas [3] for MSMA magneto-mechanical behavior which was modified and calibrated for constant field-varying mechanical loads by Waldauer et al [9, 10] . The change in magnetization leads to the evaluation of magnetic flux density change over time, as needed in Faraday's law of induction to calculate the output voltage. Faraday's law of induction, as implemented in this study, is given by
where V is the induced voltage in the pickup coil, B is the magnetic flux density caused by the change in magnetization of the specimen, and N and A are geometric parameters which depend on coil geometry and placement (these parameters are described in detail later). The magnetic flux density B is calculated from
where H is the applied magnetic field, M is the specimen magnetization (which will be evaluated using the constitutive model), and µ 0 is the permeability of the free space. The constitutive model and its implementation are described in section 2.
Modeling approach
In 2005, Kiefer and Lagoudas [3] published a thermodynamically consistent constitutive model capable of describing the magneto-mechanical response of MSMAs. The model was derived using the Coleman-Noll procedure, that is, all energetically conjugate state variables were chosen together with a form for the thermodynamic state (in this case the Gibbs free energy). Once this form is chosen, Legendre transforms, the laws of thermodynamics, and the Truesdell principle of equipresence are all invoked yielding a set of constitutive relations that describe the state of the material as a function of its energetic conjugates. In order to find a form and history dependence for internal variables, assumptions are taken from plasticity theory [2] . For the purpose of this study, the original Kiefer and Lagoudas model [3] was implemented with a corrected demagnetization factor and then implemented again with the inclusion of an axial field as suggested by Waldauer et al [9, 10] from the demagnetizing field. Both models were calibrated assuming constant applied magnetic field-varying mechanical load. Furthermore, the calibration accounted for the fact that the magnetic field experienced by the specimen differs from that applied because of demagnetization; and the magnetic field inside the specimen depends on the state of the specimen. However, the calibration does not take into account the spatial variation of magnetic field within the specimen as was done by Haldar et al [6] . Separate calibrations were necessary for the two models, the Kiefer and Lagoudas model and the Waldauer et al model.
The general framework of the Kiefer and Lagoudas model assumes that three martensitic variants exist below the austenite start temperature. However, all model implementations to date (including this one), consider only two of the three martensitic variants because the simulated loading cases are only two-dimensional and thus variant 3 is not expected to be present in the microstructure. As a result, one of the model's internal variables is the volume fraction of martensite variant 2 denoted as ξ , and correspondingly 1-ξ equals the volume fraction of martensite variant 1. Upon application of a magnetic field and/or uniaxial compressive stress, field favored or stress favored variants will nucleate at the expense of the non-preferred variants. Due to the tetragonal martensite unit cell, this change in variant volume fraction results in a strain of the MSMA element, which is called reorientation strain. The total axial strain experienced by the material produced from mechanical loading along the long specimen axis can be defined as
where ε t is the total axial strain from uniaxial loading, ε el = S const σ is the elastic strain caused by the application of a uniaxial stress σ on a specimen with the effective elastic compliance S (which is assumed to be the same for both martensite variants), and ε r = ξ ε r,max is axial reorientation strain, which can be found from the maximum reorientation strain ε r,max , that depends on the lattice parameters of the tetragonal martensite, and the variant 2 volume fraction ξ . Notice that only the axial strain is considered in equation (3) because that is the only strain that is relevant to predict voltage output in a uniaxial mechanical loading case.
Both martensite variants are assumed to be ferromagnetic. In the absence of a magnetic field, ferromagnetic materials demagnetize by producing internal magnetic domains that repel each other, causing a decrease in the overall magnetic energy in the specimen. Due to the assumption that variants of martensite are ferromagnetic at room temperature, two magnetic domains may be modeled for each martensitic variant, as shown in figure 2. In figure 2 , α represents the volume fraction of the second magnetic domain, while 1 − α represents the volume fraction of the first magnetic domain, and because there are two variants associated with each magnetic domain, four distinct regions are assumed to exist in the microstructure. Experimental results indicate that nearly all but one magnetic domain vanish with the application of small fields [3] . In particular, magnetic domain walls seem to vanish to reduce internal energy with the application of Figure 2 . The assumed magnetic domains and variants (adopted from [3] ).
external magnetic fields as small as 9.9 mT [11, 12] . For this reason, the quantity α is assumed to be always 1 and only the second magnetic domain is assumed to exist. Figure 2 also depicts the direction of the easy magnetization axis, as a dashed line, and the magnetization vectors as arrows. As the internal magnetization tends to align with the external magnetic field, the magnetization vectors may rotate away from the magnetic easy axis by the angles θ 1 -θ 4 . However, since only the second magnetic domain exists, only angles θ 3 and θ 4 are present in the material. The tendency to resist such magnetization rotation is defined as the magnetocrystalline anisotropy energy (MAE). Using figure 2, magnetization expressions for each of the four magnetic regions are found to be [3] 
where M sat is the saturation magnetization of the magnetic domain and superscripts indicate the magnetic region seen in figure 2 . The original implementation of the Kiefer and Lagoudas model assumes that a uniaxially applied external magnetic field results in only a uniaxial internal magnetic field. Using that assumption, only one term for magnetocrystalline anisotropy and assuming that rotation of the magnetization vectors is a reversible process, Kiefer and Lagoudas find the following expressions for the rotation of the internal magnetization [3] sin(θ 3 
In the above equations, H app is the applied magnetic field, which is directed in the y-direction, ρK 1 is the magnetocrystalline anisotropy energy, and the rotation of magnetization away from the magnetic easy axis in magnetic region 4 is identically zero, because the magnetic easy axis in region 4 is aligned with the external field (see figure 2 , the easy axis in region 4 in the y-direction). As stated before, α is assumed to always be 1 and, correspondingly, only angles θ 3 and θ 4 are present. Substituting equations (5) and (6) into equation (4), and assuming α = 1 and that only the H y field is present, expressions for magnetization are derived as
These expressions show that in order to find magnetization, the variant volume fraction must be found. Kiefer and Lagoudas find ξ from sufficient conditions for the satisfaction of the dissipation inequality. The resulting values for ξ are:
for reorientation from variant 1 to variant 2, and
for reorientation from variant 2 to variant 1. The parameters A, B 1 , B 2 , C, and Y in equations (9) and (10) are constitutive model calibration constants. Notice that H y appears in equations (5) and (7)- (10) . This H y must take into account demagnetization, which will be discussed further in section 2.1.
Updated constitutive model to account for demagnetizing energy
Due to the nature of atomic spins and crystallographic orientation, ferromagnetic materials tend to demagnetize. Demagnetization in a ferromagnetic material arises from the fact that the specimen tends to nucleate opposing magnetic domains at the expense of uniformly magnetized domains while an external magnetic field is removed. The MSMA's internal energy is reduced while the field is removed by producing more magnetic domains, or increasing the magnetic entropy contribution. This is expected as a randomly oriented magnetic domain (a large entropy state) corresponds to a minimum internal energy [13] . If a magnetic field is applied to a MSMA specimen, the material will magnetize and produce an internal magnetic inductance (see equation (2)) which corresponds to the surrounding magnetic flux density. If the applied field is removed, the specimen is no longer magnetized and no remnant field is observed. This is due to the fact that in ferromagnetic materials, opposing internal magnetic domains are produced which attempt to increase the specimens entropy state (or minimize the magnetic energy). For this reason, it is always assumed that a demagnetizing field exists, in a direction opposing uniform specimen magnetization, which tries to reduce the internal magnetic energy if an external field is applied. Therefore, it is within reason to say that since magnetization (equations (7) and (8)) exists in both the x-and y-directions, internal magnetic field also exists in the x-and y-directions. This is a departure from the original assumption made by Kiefer and Lagoudas.
For completely uniform magnetized bodies (this is achievable only in ellipsoids) the effective magnetic field is defined as
where H app is the applied magnetic field vector, D is the demagnetizing factor given in equation (12), M is the uniform volume magnetization, and H is the internal effective magnetic field. Even though equation (11) is only valid for uniformly magnetized bodies, it is a good approximation for all the rectangular specimens used in this study [6] .
Waldauer et al [9, 10] consider that the demagnetization factor has nonzero components in all the space dimensions:
The values of the demagnetization factors listed in equation (12) Substituting the expression for magnetization in equation (4) into the expression for effective magnetic field in equation (11) yields
Equations (13) and (14) indicate that the internal effective magnetic fields H x and H y are dependent on the demagnetizing factors D 11 , D 22 as well as on the magnetization rotation angles θ 3 and θ 4 and the uniaxial applied magnetic field. For the Kiefer and Lagoudas model, H x is assumed to be zero, and H y , which appears in equations (5), (7)- (10), can be found by substituting values for θ 3 and θ 4 from equations (5) and (6) into equation (14), which results in the following expression:
For the Waldauer et al model, both H x and H y were included and in order to calculate these values the magnetization rotation angles (θ 3 and θ 4 ) are needed. The thermodynamic derivation yields the following two implicit equations for θ 3 and θ 4 [10] .
Note equations (16) replace equations (5) and (6) 
Equations (17) and (18) can then be used to determine magnetization relevant for voltage prediction (collinear-toload)
where specimen magnetization is now also dependent on magnetic rotation angles θ 3 and θ 4 . In order to calculate voltage from these constitutive models, Faraday's law of induction must be employed. According to Faraday's law of induction (see equation (1)), an electric voltage is produced in a pickup coil when the magnetic flux density, B, is changing through the circumferential area, A, of a coil. Plugging equations (19) into (2) to calculate the magnetic flux density and then into equation (1) to calculate voltage, yields
In equation (20), N is the number of turns in the pickup coil, and A is the area perpendicular to the applied magnetic field (i.e. the circumferential area). Note that for the different models ξ , θ 3 and θ 4 will be predicted differently.
Experimental setup and procedure
Power harvesting experiments have been performed to generate data necessary to validate model predictions. The experiments were performed in a strain controlled fashion, using an 8874 Instron hydraulic test rig equipped with a 250 N tension-compression fatigue rated load cell. Loading the specimen at high frequencies resulted in the inability to apply a constant amplitude sinusoidal mechanical load on the specimen, as the MSMA reorients martensite variants very fast, and the test system was unable to adjust the applied load in real time to accommodate the change in stiffness of the specimen caused by martensite reorientation. Thus, in order to collect experimental results that could be reproduced by simulation, the experiments were performed using a strain controlled rather than stress controlled mode. The strain controlled mode allowed for a sinusoidal displacement input at one end of the specimen while the stress experienced was computed based on the force measured with the system's load cell. In this study, during experimental tests, the stress and strain were monitored using a load cell and an inductive proximity sensor. When comparing simulated to experimental data, the stress is assumed uniform across a specimen cross section because the mechanical and magnetic loads are both assumed uniform. Representative results were simulated by assuming the same input wave for sinusoidal strain (or displacement) as the experiments and solving for stress which is discussed more in the numerical implementation section.
Tests were performed on a prismatic single crystal NiMnGa specimen with dimensions of 3 mm×3 mm×20 mm provided by AdaptaMat Ltd. The bias magnetic field was generated perpendicular to the mechanical loading direction using a 3470 GMW 45 mm dipole electromagnet. An AC/DC 5170 Gaussmeter with a transverse Hall probe was used to monitor the intensity of the magnetic field flux next to the specimen. A pickup coil with 1200 turns of AWG36 magnet wire was used to monitor the voltage generated during the martensite reorientation process; the coil was connected to an NI USB6210 differential input and a LabVIEW virtual instrument was used to record the voltage variation over time. The coil was hollow, approximately 17.9 mm long, and had a square cross section with a side length of approximately 3.3 mm. The length of the coil was chosen to be about 1 mm shorter than the exposed, fully compressed, MSMA specimen to prevent damage to the windings during cyclic loading. Figure 3 shows the MSMA specimen surrounded by a pickup coil supported between two aluminum push rods.
The majority of the tests were performed by mechanically loading the specimen, in a position controlled mode, to induce reorientation strains between 2% and 6%, at frequencies varying between 1 and 20 Hz. The bias magnetic fields under which the tests were performed varied between 0.4 and 1 T. It has to be noted that the value for the magnetic field reported in the experimental data plots was set and measured with the specimen installed between the push rods, with no axial load applied to it, and in a fully expanded state. In addition, for the 0.65 T bias field and 5% reorientation strain, tests were performed at frequencies up to 70 Hz.
Calibration constants
The specimen loading sequence is shown in figure 4 which indicates that the tests are started in position (a) with the specimen compressed to half of the maximum strain to be achieved during the test. From (a), the specimen is further compressed until the maximum desired strain is achieved in compression, i.e. position (b). Then, the specimen is unloaded (i.e. the compression is removed), until it recovers the reorientation strain, i.e. position (c). The next step is loading the specimen in compression up to the starting test position, i.e. position (d); after this, the loading cycle is repeated to produce a continuous voltage, following a sinusoidal excitation. The results from loading the specimen as described in figure 4 , in terms of stress-strain response and voltage output are shown in figure 5 . Figure 5(a) demonstrates the stress-strain curve. Figure 5(b) indicates the sinusoidal position input applied on the specimen to induce the desired level of reorientation strain. Figure 5(c) shows the resulting material stress response to the input displacement. Finally, figure 5(d) shows the measured voltage induced during martensite reorientation, both as measured and filtered (dashed) using a low pass frequency. The labeled points (a)-(d) have the same meaning in all the plots in figure 5 and correspond with those shown in figure 4.
Calibration of the models
Before simulations could be performed, the models had to be calibrated. Experimental stress-strain data from quasi-static stress controlled tests at constant applied field of 0.8T were used for the calibration. The calibration methods are presented in detail in Waldauer et al [9, 10] . For the calibration of both models the following equations are solved simultaneously for the unknown parameters: For the Kiefer and Lagoudas model, the calibration equations include effective internal magnetic fields at ξ = 1 and ξ = 0 denoted as H * 2 and H * 1 , respectively, and the stress values at the start and finish points of variant reorientation from 1 to 2 and variant reorientation from 2 to 1, denoted by σ s (1, 2), σ f(1,2) , σ s(2,2) , and σ f(2,2) , respectively, from experimental data.
Since the Kiefer and Lagoudas model neglects collinearto-load magnetic fields, both H * 2 and H * 1 are in the y-direction and can be calculated from equation (15) respectively. Note the equations in equations (13) and (14) to calculate internal effective fields. These effective fields were then used to determine parameters using the equations in table 4, which include H x . All data for calibration of this model are given in table 2 and the resulting material parameters are given in table 5.
Numerical implementation of the two MSMA constitutive models
Several numerical implementation methods of the constitutive model have been reported in the literature [2] . For this particular study, the Kiefer and Lagoudas model was implemented into Simulink/MATLAB which uses FSOLVE (for convenience) to solve a system of equations that defines the thermodynamic state of the material from an input strain. Since the model was to be representative of experimentally collected data, a function for axial strain was defined such that the strain input for the model matched that of the experiment. For the sake of this study, this input strain function will be defined as (t) which is a function of time.
Calibration constants
When defining a strain as the model input, the stress and variant volume fraction must be calculated. The stress can be found from the decomposition of strain in equation (3) where the elastic strain is defined as ε el = S const σ , the reorientation strain is defined as ε r = ε r,max ξ and the total strain is the input. The variant volume fraction can be found from equations (9) and (10) for the Kiefer and Lagoudas model and equations (17) and (18) for the Waldauer et al model. The result is the following system of equations that may be solved for axial stress and variant volume fraction:
for reorientation from variant 2 to variant 1, and
for reorientation from variant 1 to variant 2. Note that solving equations (22) and (23) for stress and variant 2 volume fraction is valid for both models. The only difference between the implementations is the definition of θ 3 and θ 4 . For the Kiefer and Lagoudas model, values for θ 3 and θ 4 were assumed as equations (5) and (6) 
Results
The experimental results shown in figure 6 indicate that the peak voltage generated during the martensite reorientation process is dependent on the amplitude of cyclic strain, the magnitude of the bias magnetic field at which the reorientation occurs, and the loading frequency. As expected, the generated voltage increases with the increase in the compressive strain induced in the specimen, reaching the maximum value, for a given frequency and bias magnetic field, at strain amplitudes close to the maximum possible reorientation strain (in this case about 6.1%). While a continuous increase in the applied strain amplitude leads to an increase in the magnitude of the peak generated voltage, an increase in the magnitude of the bias magnetic field does not guarantee a continuous increase in peak voltage (see figure 6(d) ). The experimental results indicate that an optimum value for the bias magnetic field exists, and for the tested specimen this value is close to 0.65 T. Depending on the chemical formulation of the alloy and on the processing applied to the specimen, a different optimal bias magnetic field value may exist. The optimal bias magnetic field seen in figure 6(d) can be understood as follows. Too little magnetic field will result in not all of the variants fully reorienting back to the field preferred state upon removal of the compressive stress, while too much magnetic field will result in not all of the variants reorienting into the stress preferred configuration upon application of the magnetic field.
In addition, figures 6 and 7 show that the voltage generated increases with the increase in the frequency of excitation of the specimen. figure 7 shows that the maximum voltage varies almost linearly with frequency at 5% peak-to-peak strain and 0.65 T bias field. This result is expected since, according to Faraday's law equation (1), voltage is directly proportional to the change in magnetic flux over time, and as the change in magnetic flux is strain driven in these experiments the rate of the cyclic loading will impact the voltage generated, hence, the linear relationship seen in figure 7 .
Results from experimentation can be tedious and time consuming to gather. As stated before, it is desired to model the response of the MSMA specimen-coil system using the numerical tools from prior sections. The implementation of the constitutive models along with Faraday's law leads to voltage predictions as shown in figure 8 . The results in figure 8 show the predicted voltage between the Kiefer and Lagoudas as well as the Waldauer et al models for the magnetic field used in the calibration, i.e. 0.8 T, and peak-to-peak strain of 4%.
Comparing voltage predictions made with the Kiefer and Lagoudas model [4] and with the updated model by Waldauer et al [9] in figure 8 reveals that both models predict the output voltage with comparable accuracy. The Kiefer and Lagoudas model tends to slightly over predict the voltage induced by variant reorientation, which is believed to be due to the fact that the model does not account for the field developed along the loading direction. Neglecting the axial demagnetizing field results in voltage predictions that assume the specimen experiences a higher overall change in magnetization, caused by variant reorientation.
As the Kiefer and Lagoudas model tends to slightly over predict the induced voltage, for the remainder of the paper all the simulated results have been generated using the modified model developed by Waldauer et al [9, 10] . Figure 9 shows both measured and simulated voltage for a specimen experiencing a peak-to-peak strain of 5% under a bias magnetic field of 0.65 T and excited at frequencies of up to 70 Hz. Note that these loading conditions differ from those which the model was calibrated with and therefore are truly predictions. The experimental data tend to be more scattered at lower frequencies, making the comparison between the measured and predicted values somewhat difficult. However, at higher frequencies (i.e. above 30 Hz), the two sets of results are easier to compare, and indicate that the model predictions are reliable. Since these results are not at the calibrated magnetic field, the calibrated model seems to be valid for a wide range of applied magnetic fields. 
Power harvesting related considerations neglected in this implementation
A number of aspects related to the physics associated with the power harvesting application of MSMAs are generally neglected when modeling MSMA behavior. In the authors' opinion, the body force resulting from the electrical current produced in the surrounding coil, the internal Maxwell stress (magnetostress), and dynamic effects should be investigated to ensure that they are not improperly neglected.
The body force due to the coil-specimen interaction is called the Lorentz force, is collinear to the field, and is defined as:
In equation (24), q is the electric charge of a particle, E is the electric field, v is the velocity of the charged particle, and B is the magnetic field. The Lorentz force acting on the MSMA specimen is derived by combining equation (24) and Ohms law as
where φ w is the diameter of the coil wire, µ 0 is the permeability of free space, M y is the y-direction magnetization, V is the current voltage in the pickup coil, d is the average diameter of the square coil, and ρ c is the resistivity of the coil wire. Assuming the inner coil edge (a square coil cross section) touches the specimen that is held in the push rods, the Lorentz force will produce a small strain on the specimen. Using the generalized Hooke's law for isotropic materials as a simple approximation, this strain can be estimated as
where E is the elastic modulus of the MSMA, and A side is the area of the specimen touching the pickup coil on the inner side wall. Understandably, this strain is not present in the original relation for strain equation (3); in order to account for it, the full boundary value problem would need to be solved and the analysis at a material point done in the current work would be inadequate.
To verify the validity of neglecting terms resulting from the Lorentz force, maximum values are used in equations (25) and (26) to estimate the peak magnitude of the Lorentz force and resulting strain. Since equations (25) and (26) are linear with voltage and magnetization, peak values for voltage and magnetization will give peak values for the Lorentz force and associated strain.
To get an idea of the magnitude of the Lorentz force and its corresponding strain, equations (25) and (26) ) where H is the internal magnetic field, M is magnetization, and I is the identity tensor. Considering the values listed in table 6 and the demagnetizing field (calculated using equations (13) and (2)), the corresponding maximum Maxwell stress component in the axial direction is determined to be 7.95 kPa. This value can be considered negligible compared to the reorientation stress, as the latter is typically in the order of several MPa under moderate bias magnetic fields (up to 1 T).
Furthermore, dynamic effects were neglected in this model. The constitutive model was used to find magnetization and stress, but the boundary value problem which includes inertial effects was not solved. The results indicate that neglecting inertia gives reasonable predictions of the experimental results; however, future work may want to include such effects as they are assumed to be present.
Conclusions
A phenomenological constitutive model developed by Kiefer and Lagoudas [3, 4] , and a more accurate version of it developed by Waldauer et al [9, 10] , have been implemented numerically and combined with Faraday's law of induction to determine the voltage induced during martensite variant reorientation in a pickup coil surrounding a MSMA prismatic specimen. Both constitutive models predicted voltage values close to those recorded experimentally under similar magnetomechanical loading conditions. The original Kiefer and Lagoudas model tends to over predict the experimentally induced voltage compared to the updated model by Waldauer et al. Nonetheless, once calibrated, either model seems to predict voltage reasonably and may be used for the design of MSMA based sensors or power harvesters.
The experimental results indicate that a magnetic field exists at which the maximum induced voltage occurs, irrespective of the frequency of the compressive load. Furthermore, it appears that the voltage output increases almost linearly with the frequency of excitation for strain controlled tests, irrespective of the strain level experienced by the specimen. In order to maximize the experimental voltage output, the pickup coil together with the voltage modulation circuit must be optimized. This could lead to voltage production which rivals that of piezoelectric and magnetostrictive materials [5] .
